Formation and mechanical properties of Cu-Zr-Al-Sn bulk metallic glasses were investigated. The glass-forming ability of Cu 50 Zr 50 alloy is significantly improved with addition of Al, and the critical diameter for glass formation increases from 2 to 7 mm for 
Introduction
Recently, several Cu-based multi-component alloys with strong glass-forming ability (GFA) have been found, and bulk metallic glasses (BMGs) in diameter of up to 10 mm could be obtained. [1] [2] [3] [4] [5] [6] [7] [8] Most of them exhibit good mechanical properties, such as high fracture strength and large plasticity, [2] [3] [4] [5] 7, 9, 10) which can reach 2 GPa and 18%, respectively.
9)
The significant improvement in plasticity is crucial for application potentials of the Cu-based BMGs as structural materials because the BMGs generally exhibit very limited plasticity (0-2%) under uniaxial compression in an unconfined geometry. Therefore, these Cu-based BMGs are the promising structural materials due to their strong GFA, high strength and excellent ductility as well as low material cost. It was reported that binary Cu 50 Zr 50 alloy shows good GFA. 11) One expects that the GFA of the binary alloy can be improved with the addition of Al because Al has a medium atomic size among Zr (0.160 nm), Al (0.143 nm) and Cu (0.128 nm). In this study, the GFA of (Cu 0:5 
Experimental Procedure
Alloy ingots were prepared by arc melting the mixtures of pure Cu, Zr, Al and Sn elements in a purified argon atmosphere. Cylindrical rods with diameters of 1 to 10 mm were prepared from the ingots by injection casting into copper mold. Amorphous nature of as-cast rods was examined by X-ray diffraction (XRD). Thermal analysis was performed with a differential scanning calorimeter (DSC) at a heating rate of 0.33 K/s. Cylindrical rods (2 Â 4 mm) were used to measure compressive mechanical properties at a strain rate of 4:0 Â 10 À4 s À1 on an Instron-type testing machine.
Results
The critical diameter for glass formation of Cu 50 Zr 50 alloy is about 2 mm.
11) The GFA of Cu 50 Zr 50 alloy can be effectively improved with the addition of Al, and glassy rods with a maximum diameter of 6 mm can be formed at x ¼ 7 and 8 for (Cu 0:5 Zr 0:5 ) 100Àx Al x alloys. The XRD patterns of as-cast glassy rods with d ¼ 6 mm for x ¼ 7 and 8 alloys are shown in Fig. 1 are superimposed on a diffuse halo for the 8-mm rod, suggesting that it is a mixture of crystalline and glassy phases. The isothermal DSC curve of the 7-mm rod at annealing temperature of 753 K, which is between glass transition temperature (T g ) and onset temperature of the first crystallization (T x1 ), is shown in Fig. 2 (a). An exothermic peak can be observed on the curve, indicating that the 7-mm rod is truly amorphous.
The Fig. 4(a) and (b). These glassy alloys exhibit a distinct glass transition followed by one or two major crystallization peaks, and the T g and T x1 increase obviously with the addition of Al. T g , T x1 and supercooled liquid temperature region (ÁT x ¼ T x1 {T g ) are listed in Table 1 . ÁT x is broadened from 40 K for binary alloy to 63 K for Cu 46:25 Zr 46:25 Al 7:5 alloy. It is suggested that the thermal stability of binary alloy is significantly enhanced with the addition of Al. The DSC curve of Cu 46:25 Zr 45:25 -Al 7:5 Sn 1 glassy ribbon is shown in Fig. 4(c) , and the T g , T x1 and ÁT x are 718, 777, and 59 K, respectively.
The 5 Sn 1 alloy also shows a major melting peak, as shown in Fig. 5(c) , and a relatively large T rg of 0.62. Figure 6 shows the nominal stress-strain curves of alloy. In addition, it is known that formation of BMGs is restricted by homogeneous or heterogeneous nucleation in the undercooled liquid on cooling and there is smaller Gibbs free energy difference, ÁG, between the liquid and corresponding crystalline phases for the better glass former. 12, 13) ÁG can be calculated using the following formula: 14) ÁG
Where T m is the melting point, H f the enthalpy of fusion, the proportionality coefficient and approximately 0. 8 alloy is much more sluggish than that of Cu 50 Zr 50 alloy. The atomic size ratio for both Zr/Al and Al/ Cu pair is as large as 1.12, and therefore the addition of Al with a medium atomic size can produce a more efficiently packed local structure in the undercooled liquid of ternary alloy than that of binary alloy. As a consequence, the precipitation of primary crystallized phase was suppressed and the stability of undercooled liquid was enhanced with the addition of Al in Cu 50 Zr 50 alloy. Therefore, Cu 46:25 Zr 46:25 -Al 7:5 alloy exhibits significant improved GFA.
Cu 46:25 Zr 46:25 Al 7:5 BMG has a limited plasticity, and the plasticity is significantly enhanced due to the addition of 1 at% Sn. It has been proposed that the amorphous structures with atomic-scale inhomogeneity or nanoscale phase separation could cause the work-hardening and large plasticity when the BMGs were deformed under uniaxial compression in an unconfined geometry. 10, 11) On the other hand, in our recent study it was found that the deformation-induced nanocrystallization could lead to the large plasticity. 15) Both the microstructures of amorphous phases and deformationinduced nanocrystallization are sensitive to alloy compositions. Therefore, the addition of a small amount of Sn may produce an important effect on the plasticity of Cu 46:25 -Zr 46:25 Al 7:5 BMG. The investigation for the microstructure of amorphous phases for the present glassy alloys is under-way.
Summary
The glass-forming ability of Cu 50 Zr 50 alloy is improved with the addition of Al, and the best glass former of (Cu 0:5 Zr 0:5 ) 100Àx Al x alloys is determined to be x ¼ 7:5. The critical diameter increases from 2 mm for binary alloy to 7 
